Background and Purpose-We propose to study possible differences in the associations between risk factors for cardiovascular disease (myocardial infarction and stroke) and carotid intima-media thickness (IMT) measurements made at 3 different levels of the carotid bifurcation. Methods-We conducted a cross-sectional study of a cohort of whites and blacks of both genders with a mean age of 45 years. Traditional cardiovascular risk factors were determined in cohort members. Carotid IMT was measured from high-resolution B-mode ultrasound images at 3 levels: the common carotid artery, the carotid artery bulb (bulb), and the internal carotid artery. Associations with risk factors were evaluated by multivariate linear regression analyses. Results-Of 3258 who underwent carotid IMT measurements, common carotid artery, bulb, and internal carotid artery IMT were measured at all 3 separate levels in 3023 (92.7%). A large proportion of the variability of common carotid artery IMT was explained by cardiovascular risk factors (26.8%) but less so for the bulb (11.2%) and internal carotid artery (8.0%). Carotid IMT was consistently associated with age, low-density lipoprotein cholesterol, smoking, and hypertension in all segments. Associations with fasting glucose and diastolic blood pressure were stronger for common carotid artery than for the other segments. Hypertension, diabetes, and current smoking had qualitatively stronger associations with bulb IMT and low-density lipoprotein cholesterol with internal carotid artery IMT. Conclusion-In our cohort of relatively young white and black men and women, a greater proportion of the variability in common carotid IMT can be explained by traditional cardiovascular risk factors than for the carotid artery bulb and internal carotid arteries. (Stroke. 2010;41:9-15.)
C arotid wall intima-media thickness (IMT) measured with high-resolution B-mode ultrasound has been recognized as a surrogate measure of atherosclerosis. 1 Prior studies have shown carotid IMT measurements to be associated with cardiovascular risk factors 2 and cardiovascular outcomes. [3] [4] [5] [6] [7] They serve as a useful index of subclinical cardiovascular disease. 8 Carotid IMT has been used as an outcome measure, serving as a surrogate for atherosclerotic burden. However, measurements of the carotid artery wall can be obtained at very distinct sites near the carotid artery bifurcation: the common carotid artery proper just before it bifurcates; the carotid bulb, where the common carotid artery dilates as it bifurcates; and the internal carotid artery proper that is above the level of the bifurcation. Although these separate carotid IMT segments can be added up to generate a single composite score, 9 each of these segments may actually have distinct associations with cardiovascular risk factors. 2, 10 Previous large epidemiological studies were limited by data that were either incomplete for the various carotid segments 11, 12 or older age range of the individuals under study. 2 The geometry of the carotid artery bifurcation is such that shear stress rates are oscillatory in the bifurcation proper and show a more cyclically constant lumen to intima gradient in the common carotid artery. 13, 14 It is believed that this might explain the differences in cellular constituents noted in the carotid artery, specifically a preponderance of foam cell in the common carotid artery wall and more typical cholesterol-rich plaques in the carotid bifurcation. 15 Based on these differences, we believed that blood pressure might have stronger associations with the common carotid artery IMT than other segments, whereas cholesterol would possibly be more strongly associated with the carotid bulb and internal carotid artery (ICA) IMT.
We studied this possibility by investigating the associations between cardiovascular risk factors and carotid IMT at 3 separate segments of the carotid artery using data from a large population-based cohort of black and white adults in the United States.
Materials and Methods

General Methods
The Coronary Artery Risk Development in Young Adults (CARDIA) study is a multicenter cohort study sponsored by the National Heart, Lung, and Blood Institute. The cohort was mostly recruited from the general population in Birmingham, Ala, Chicago, Ill, Minneapolis, Minn, and a random subset of members of a medical plan in Oakland, Calif. The detailed methods, instruments, and quality control procedures are described elsewhere. 16, 17 In brief, a total of 5115 black and white men and women were recruited for the baseline (Year 0) examination in 1985 to 1986 with 3549 (72%) returning in 2005 to 2006 for the Year 20 examination. We report on the results of IMT measurement and risk factor assessments made at the Year 20 examination.
During the examinations, cardiovascular risk factors were determined according to standard approaches. 17 Briefly, blood pressure, height, and weight were measured by centrally trained staff. Body mass index was calculated as weight in kilograms divided by the square of height in meters. Smoking status was assessed using a standardized questionnaire. The presence of diabetes was defined as fasting blood glucose Ն126 mg/dL or taking insulin and/or oral hypoglycemic agents. Venous blood was stored at Ϫ70°C. Both fasting glucose and fasting lipid profile (triglycerides, total cholesterol, and high-density lipoprotein cholesterol [HDL-C]) were measured using a standard laboratory technique. Low-density lipoprotein cholesterol (LDL-C) was estimated using the Friedewald approximation (total cholesterolϪHDL-CϪtriglycerides/5, when triglycerides was no more than 400 mg/dL). Hypertension was defined as a seated resting systolic blood pressure Ն140 mm Hg or a diastolic blood pressure Ն90 mm Hg or a history of taking antihypertensive medications.
Ultrasound Studies
Ultrasound studies were acquired according to a standard protocol using a GE-Logiq-700 (Issaquoah, Ill). A high-resolution M12L transducer operating at a frequency of 13 MHz was used to image the common carotid artery and a 9-MHz frequency for the carotid artery bulb and proximal internal carotid arteries. Sonographers were trained centrally and then underwent a certification process.
Image acquisition was made at end diastole by a certified sonographer selecting the image with the lowest arterial diameter and then saving the selected images on a super VHS videotape. The image series used to select the images were also recorded so that the selection could subsequently be confirmed during the reading process. On each side, one image was obtained at the level of the common carotid before the bifurcation. Two images were then acquired at the carotid artery bulb, and 2 images were obtained in the proximal 2 cm of the ICA proper after the flow divider ( Figure) . The first image was taken at approximately 45°to the horizontal, whereas the second was set more vertical near to 20°to 25°.
A certified reader reviewed the videotape and digitized images with the aid of an image analysis workstation. The software integrated validated image analysis algorithms interfaced with an Access database to store the IMT measurements. The high-resolution images of the different carotid artery segments were used to calculate the IMT of the far or near wall on each image after the operator traced the respective lumen-intima and media-adventitia interfaces over a 1-cm distance with the aid of a Wacom imaging tablet. Any atherosclerotic plaque was included as part of the intima media and a note was made about the extent of stenosis that existed anywhere in the right or left carotid artery. The mean of the maximum wall thickness of the respective carotid artery segment was defined as the mean of the mean near and far wall thickness for each of the images taken on the left and right sides, 4 for the common carotid arteries and 8 segments for the bulb and ICAs, respectively. Carotid ultrasound studies were acquired in 3258 of the 3549 (91.8%) participants seen in the clinics. Pearson correlation coefficients based on 58 replicate studies were 0.86 for the common carotid artery, 0.72 for the bulb, and 0.88 for the ICA.
Statistical Analyses
Associations between dichotomous cardiovascular risk factors and carotid IMT were examined using the 2 test. Linear regression models were used to evaluate the strength of associations between individual risk factors and IMT measures. Three separate multivariable linear regression models were created to evaluate the strength of associations between cardiovascular risk factors and carotid IMT in each of the 3 carotid artery segments. All cardiovascular risk factors, including age and race/gender (white female serving as the referent) were entered into the model as candidate variables. Total cholesterol was not used in the final model due to collinearity with LDL-C and HDL-C levels. Multivariable models were generated separately with the full set of IMT measurements available at each level (3254 in the common carotid artery, 3182 in the bulb, and 3064 in the ICA). A separate set of 3 multivariable models was generated for a data set in which IMT measurements were available at all 3 levels of the carotid artery (nϭ3023). All analyses were done with standard statistical package using SAS Version 9.1 (SAS Institute, Cary, NC). Associations were considered statistically significant at the PՅ0.05 level. Table 1 summarizes the basic demographics of study participants and consisted of 43% males and 46% blacks. The mean age was 45.2 years (Ϯ3.63 years SD). Data completeness for carotid artery IMT measurements was 99.9% at the common carotid artery (3254 of 3258), 97.7% at the carotid artery bulb (3182 of 3258), and 94% at the ICA (3064 of 3258).
Results
The bivariate associations between carotid IMT and cardiovascular risk factors are shown in Tables 2 and 3 . Associations of segment-specific carotid IMT with dichotomous variables all reached statistical significance (PϽ0.002) with the exception of bulb maximum IMT and race (Pϭ0.08) and ICA maximum IMT and race (Pϭ0.07). The strength of the association between all continuous risk factors and the IMT measured in the 3 different segments was significant at the PϽ0.0001 level.
Results of the multivariable models evaluating the strength of the associations between cardiovascular risk factors and IMT in individual segments of the carotid artery are shown in Table 4 . Although a total of 3023 participants had IMT measurements available at all 3 levels (92.7%), the analyses were limited to the 2920 with complete risk factor profiles. Cardiovascular risk factors explained 26.8% of the variability for common carotid artery (CCA) IMT, whereas they explained only 11.2% of the variability for bulb IMT and 8.0% of the variability for ICA IMT. IMT measured in all 3 levels of the carotid artery had significant associations with age, smoking, LDL-C, hypertension, and male gender. Significant associations of IMT with fasting glucose and diastolic blood pressure (inverse association) were only seen for the CCA IMT. Diabetes was only significantly associated with bulb IMT. We noted a negative association of CCA IMT with diastolic blood pressure and positive association with systolic blood pressure when both pressure measurements were in the same model. Separate analyses with systolic and diastolic pressures entered separately in multivariable models showed positive associations for both and a stronger association for CCA IMT than for the other segments (data not shown).
Qualitatively, bulb IMT appeared to have stronger associations (greater partial R 2 and standardized ␤) with smoking and hypertension than for the other levels and was the only IMT value significantly associated with diabetes. LDL-C also showed qualitatively stronger associations with the ICA IMT than for the other levels. Age, race, gender, body mass index, and systolic blood pressure also had a qualitatively stronger association with CCA IMT than for the other levels.
The pattern of associations between IMT values in the different segments were similar for models in which fasting glucose levels were not included in the multivariable models (results not shown).
Discussion
This study sought to determine whether there is a segmentspecific effect between carotid artery wall thickness (IMT) measurements and cardiovascular risk factors. Our results indicate that, overall, mean of the maximum IMT in the CCA is more strongly associated with cardiovascular risk †These associations are nonsignificant. All associations significant at PϽ0.0001 except for bulb maximum IMT and race (Pϭ0.08) and ICA maximum IMT and race (Pϭ0.07). Associations between ICA maximum IMT and diabetes (Pϭ0.0017) and ICA maximum IMT and smoking (Pϭ0.0006) were weaker but still strongly significant.
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factors than IMT measurements made in the carotid artery bulb or ICA. We have found stronger associations for blood pressure in the CCA than for other segments. This association was seen when systolic and diastolic pressure were both included in the models. We believe that the negative association with diastolic blood pressure is due to the effects of pulse pressure. When systolic and diastolic pressures are entered into separate models, both have positive associations with IMT. The bulb and ICA IMT have qualitatively stronger associations Values in bold correspond to factors that contribute significantly to the individual models at PՅ0.05. Only the 2920 individuals with complete risk factor profiles from among the 3023 with IMT measurements in all 3 segments are included in the model. Some of the missing data are due to the exclusion of individuals with elevated triglyceride levels (Ն400 mg/dL) given use of the Friedewald equation to derive LDL-C (nϭ29).
with cholesterol than those of the CCA. Smoking and diabetes have stronger associations with the carotid bulb IMT than the CCA.
Differences in the strength of the association between IMT measurements in the different carotid artery segments and cardiovascular risk factors were described by O'Leary et al 2 in a 2-segment protocol. Similar to our findings, associations with blood pressure were stronger for CCA IMT than for bulb/ICA IMT, whereas the reverse was true for smoking status in adults aged Ն65 years. 2 No comment was made on a differential effect of diabetes. Our findings might reflect a high prevalence of patients with Type 1 diabetes given the age distribution of our cohort. Our findings, although similar, show other qualitative differences. O'Leary et al showed that 18% of the CCA IMT and 17% of the proximal ICA IMT variability could be explained by cardiovascular risk factors. Our results show that 27% of the CCA variability can be explained by cardiovascular risk factors. This decreases in the carotid artery bulb, in which 11% of the variability can be explained and lower than the 17% reported by O'Leary et al. 2 In our study, we also imaged at a higher level above the carotid artery bifurcation. We found that 8% of the variability of IMT in this segment was explained by traditional cardiovascular risk factors. Our image acquisition protocol resembles the ones used in the Atherosclerosis Risk in Communities (ARIC) study 18 and of the Rotterdam study. 12 Data from ARIC have shown that strong correlations exist between IMT measurements in the different segments of the carotid artery. 11 However, segment-specific differences in the associations of IMT with risk factors have been poorly studied with the exception of the association between age and IMT. 19 We were able to obtain IMT measurements in a much greater proportion of the carotid artery segments than was done in ARIC or in the Rotterdam study. In the Rotterdam study, although CCA IMT data were available in 96% of individuals, only 64% were available for the bulb and 31% for the ICA. 12 In ARIC, CCA IMT was measurable in 79% of individuals in the CCA, 59% for the carotid bulb, and 41% for the ICA. 19 We believe that the level of completeness of our IMT data helped unmask segment-specific differences in the association between IMT and risk factors.
An explanation for the differences in the association between risk factors and IMT measured in different segments is likely linked to bifurcation geometry and differences in hemodynamics such as discussed by Malek et al for shear stress and shear rates near the lumen of the CCA and the widened carotid artery bulb. 14 In the CCA, blood pressure and shear stress and shear rates are strongly associated with carotid IMT, especially when no plaque is present. 20, 21 The carotid bifurcation has a more complex oscillatory low shear stress that promotes the primary deposition of LDL-C in the wall. 13, 14 These processes ultimately affect the cellular constituent of the artery wall. A preponderance of foam cells is observed in the CCA wall, whereas more complex plaques are seen at the bifurcation. 15 The segmental differences in the associations between risk factors and IMT are likely secondary to these basic pathophysiological differences. The complex interactions among blood pressure, blood flow, and cholesterol deposition in the arterial wall make it difficult to isolate individual contributions based only on cross-sectional associations.
A limitation of our study is the relatively young age of our cohort given that the prevalence of cardiac and vascular disease increases in older individuals. Although this would seem to be a major limitation, pathological studies of young subjects dying from noncardiac-associated events in the Pathological Determinants of Atherosclerosis in Youth (PDAY) Study have confirmed the high prevalence of subclinical disease. 22 A recent comparison between our cohort and this large autopsy study has shown similar associations in risk factor distributions. 23 Other authors have investigated possible differences in the associations between cardiovascular disease and IMT in the different carotid artery segments. Espeland et al showed differences in the strength of the associations of IMT in the 3 carotid segments with age, hypertension, body mass index in women, and coronary artery disease status. 10 We also noted associations with body mass index in both the CCA and the ICA and qualitative differences in the associations of segment-based IMT measurements with blood pressure and race. Tell et al 24 noted, as we do, that age, hypertension, and cigarette smoking were similarly associated with all segments and that differences were seen for gender and diabetes. We also observed significant associations between diabetes and IMT in the CCA and carotid artery bulb, whereas fasting glucose levels were associated only with the common carotid IMT. However, in the study by Tell et al, the breakdown of carotid artery levels did not conform to the 3 segments of the carotid artery that we evaluated. 24 Schott et al indicated in their study that risk factors might differentially affect IMT in the CCA, bulb, and ICA. 25 In our multivariable models, systolic blood pressure showed stronger associations with CCA IMT and bulb IMT, whereas smoking was qualitatively stronger for the bulb IMT. Contrary to our own results, these authors did not show a positive association between age and either ICA IMT or bulb IMT. 25 Site-specific differences in the associations between risk factors and IMT have also been seen in protocols that look at CCA IMT compared with wall thickness measurements that combine levels in the bulb and the ICA. 26, 27 In the Vascular Aging Study (EVA) study, carotid plaques were defined as bulb/ICA IMT of Ͼ2 mm. 27 Diabetes and current smoking were significantly associated with CCA IMT and not plaques (a rough equivalent of bulb and ICA IMT). The strength of the association might have been lost due to the use of plaque as a dichotomized measure of bulb/ICA IMT rather than a continuous measure of IMT as we did. There were strong associations between plaques and cholesterol levels. For LDL-C, we also observed a qualitative increase in the strength of the associations between LDL-C and IMT from the CCA to the ICA. Contrary to our study, the San Antonio study showed that in Hispanics, smoking was associated with ICA IMT and not CCA IMT; total cholesterol was more strongly associated with CCA IMT than for ICA IMT. 26 We also note a qualitatively stronger association between bulb IMT and smoking than for the CCA or ICA. The observation for LDL-C is opposite to the one we observe. Like in our study, blood pressure was more strongly associated with CCA IMT than with ICA IMT. 26 Data completeness in the San Antonio study was similar to that of our study.
Our study as well as others suggests that segment-specific differences exist in the associations between cardiovascular risk factors and IMT. These differences might also translate into differences in clinical outcomes. 28, 29 At this stage of the CARDIA study, the incident number of cardiovascular events is still too low for such an evaluation.
Carotid IMT is viewed as a potential tool for evaluating overall cardiovascular risk. Based on our data, recommendations to adopt only common carotid IMT as a marker of subclinical disease and of cardiovascular risk 30, 31 might be justified because the other carotid segments have slight differences in their associations with cardiovascular risk factors. In addition, common carotid IMT has qualitatively stronger associations with well-recognized risk factors that are associated with cardiovascular disease: age, gender, and race.
Conclusions
We conclude that carotid IMT measurements made in the CCA, carotid artery bulb, and ICA are all associated with cardiovascular risk factors. Although some cardiovascular risk factors show qualitatively stronger associations with IMT measured in the bulb or ICA, the CCA IMT best reflects overall exposure to traditional cardiovascular risk factors.
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